Introduction {#sec1_1}
============

Apelin, a 36 amino-acid peptide and endogenous ligand of the G-protein-coupled receptor APJ receptor, has been identified in a variety of tissues, including the central nervous system, with high expression in the hypothalamus, stomach, heart, skeletal muscle, and white adipose tissue \[[@B1],[@B2],[@B3]\]. There are several active apelin forms including apelin-36, apelin-17, apelin-13, and the pyroglutamated form of apelin-13 \[[@B2]\]. Apelin and APJ mRNA are widely expressed in several rat and human tissues and play a role in the regulation of cardiovascular homeostastis, food intake, cell proliferation, and angiogenesis \[[@B1],[@B2],[@B3],[@B4]\]. The cardiovascular system appears to be an important source of apelin since both apelin and its receptor are present in heart, large or small conduit vessels, and endothelial cells \[[@B4]\]. Since apelin is secreted from adipose tissue, it is considered an adipokine \[[@B5],[@B6]\]. In the initial analysis of apelin gene-deficient mice, there was no obvious metabolic phenotype \[[@B7]\]. However, in subsequent studies, it has been found that apelin-null mice have impaired insulin sensitivity -- an effect which could be reversed by administration of exogenous apelin \[[@B8]\]. As shown in C~2~C~12~ myotubes in vitro, improved insulin sensitivity upon apelin administration is due to direct effects on glucose uptake and intracellular insulin signaling \[[@B8]\].

However, with ageing apelin-knockout mice developed progressive impairment of cardiac contractility associated with systolic dysfunction, suggesting that apelin is crucial to maintain cardiac contractility in pressure overload and aging \[[@B7]\]. The observed changes in cardiac contractility were associated with concerted up-regulation of genes involved in extracellular matrix remodeling and muscle contraction \[[@B7]\]. It could also been recently demonstrated that hypoxia induces apelin expression both in endothelial and vascular smooth muscle cells mediated by the binding of HIF-1 to a HRE located within the first intron of the *apelin* gene \[[@B9]\].

Apelin serum concentration was shown to be higher in patients with obesity and insulin resistance \[[@B6]\]. Recently, higher apelin serum concentrations were found to be associated with liver cirrhosis both in rats and humans \[[@B10]\]. Moreover, treatment of rats with cirrhosis with an apelin receptor antagonist showed diminished hepatic fibrosis and loss of ascites \[[@B10]\]. Apelin has also been shown to inhibit insulin secretion in mice \[[@B11]\], suggesting a link between apelin and glucose homeostasis. Apelin serum concentrations correlate with hyperinsulinemia and obesity, suggesting that apelin may be another adipokine mediator of impaired adipose tissue function in obesity \[[@B6]\]. In addition, it has been demonstrated that apelin has a glucose-lowering effect being associated with enhanced glucose utilization in skeletal muscle and fat \[[@B12]\]. In obese and insulin-resistant mice, apelin restored glucose tolerance and increased glucose utilization \[[@B12]\]. The glucose-lowering effects seem to involve endothelial NO synthase, AMP-activated protein kinase, and Akt further suggesting that apelin might link obesity to insulin resistance, endothelial dysfunction, and cardiovascular disease. Very recently, Attané and coworkers \[[@B13]\] demonstrated that apelin treatment of high-fat diet-induced obese, insulin- resistant mice over 4 weeks improves the entire energy metabolism through increased mitochondrial biogenesis and tighter matching between fatty acid oxidation and the tricarboxylic acid cycle. Apelin could thus represent a promising treatment tool in the management of insulin resistance and impaired energy metabolism \[[@B12],[@B13]\].

Collectively, human and rodent data indicate that apelin influences glucose homeostasis and may contribute to the link between increased adipose tissue mass and obesity-related metabolic and inflammatory diseases. Interestingly, there are some inconsistent results regarding the effects of weight loss interventions in obese and insulin-resistant children and adults (reviewed in \[[@B2]\]). Here we test the hypothesis that reduced apelin mRNA expression in human adipose tissue contributes to reduced circulating apelin concentrations after bariatric surgery. In parallel to apelin, we measured mRNA expression of its receptor APJ in human omental and subcutaneous (SC) adipose tissue. In addition, we aim to dissect whether changes in apelin serum concentrations are primarily associated with improved insulin sensitivity or reduced body fat mass in the context of three weight loss intervention studies (6 months hypocaloric diet, 12 months after bariatric surgery, 12 weeks exercise program).

Participants and Methods {#sec1_2}
========================

Subjects {#sec2_1}
--------

We included five different cohorts, which have been previously reported in detail \[[@B14]\], with a total number of 740 individuals (401 women, 339 men) in our study of apelin serum concentration and adipose tissue mRNA expression. In brief, in cohort 1 (n = 468, mean BMI 31.9 ± 6.1 kg/m²), we investigated apelin serum concentrations in relation to measures of obesity and glucose metabolism in a cross-sectional study. 468 Caucasian men (n = 220) and women (n = 248) have been consecutively recruited in the context of a study on insulin resistance at the Department of Medicine, University of Leipzig, to represent a wide range of obesity, insulin sensitivity, and glucose tolerance. The age ranged from 19 to 80 years and BMI from 17.1 to 79.1 kg/m^2^. The study included 290 patients with type 2 diabetes (T2D) and 178 normal glucose tolerance (NGT) controls \[[@B14]\]. From these individuals, we selected 58 which could be matched for age, gender, and BMI into subgroups of NGT and T2D \[[@B14]\]. In cohort 2, we investigated apelin mRNA expression in paired omental and SC adipose tissue samples in addition to apelin serum concentrations in 161 patients (85 women, 76 men; mean BMI 30.8 ± 6.7 kg/m²) who underwent abdominal surgery for cholecystectomy, weight reduction surgery, abdominal injuries, or explorative laparotomy \[[@B14]\]. From these individuals, we selected 32 which could be matched for age, gender, and BMI (mean BMI 33.0 ± 1.9 kg/m²) into subgroups of NGT and T2D. Adipose tissue was immediately frozen in liquid nitrogen after explantation. Histologic analyses and measurement of macrophage count in adipose tissue was performed as previously described \[[@B15]\]. In addition, we investigated circulating apelin in response to a 12-week intensive exercise intervention in 60 individuals (cohort 3) with a mean baseline BMI 28.1 ± 0.8 kg/m², which have been divided into groups of NGT (n = 20; 9 males, 11 females), impaired glucose tolerance (IGT; n = 20 n = 20; 9 males, 11 females), and T2D (n = 20; 11 males, 9 females) on the basis of a 75-gram oral glucose tolerance test (OGTT) according to the ADA criteria \[[@B16]\] (table [1](#T1){ref-type="table"}). These 60 individuals were enrolled in 60 min of supervised physical training sessions 3 days per week as described previously \[[@B17]\].

In addition, we measured circulating apelin before and 6 months after a calorie-restricted diet study (cohort 4, n = 19; 15 women, 4 men; mean age: 49 ± 2.71 years). The mean baseline BMI was 36.4 ± 1.2 kg/m², and the mean BMI after 6 months diet intervention was 34.5 ± 1.5 (p ℋ 0.05). Weight loss was achieved over a period of 6 months by a diet providing a daily energy deficit of 1,200 kcal/day. Diet adherence was monitored by daily food intake protocols.

In cohort 5 (mean baseline BMI 55.8 ± 7.9 kg/m²), 32 Caucasian obese volunteers (22 women, 10 men) participated in a prospective weight loss study before and 12 months after gastric sleeve resection or Roux-en-Y gastric bypass \[[@B14]\]. In a subgroup of 14 (10 females, 4 males) patients, omental and SC adipose tissue biopsies were obtained in the context of a two-step bariatric surgery strategy with gastric sleeve resection as the first step and a Roux-en-Y gastric bypass as second-step operation. The baseline BMI in this subgroup was 64.1 ± 9.5 kg/m², and the BMI 12 months after bariatric surgery was 48.3 ± 7.3 kg/m². Individuals of all cohorts fulfilled the previously described inclusion and exclusion criteria \[[@B14]\]. All study protocols have been approved by the ethics committee of the University of Leipzig. All participants gave written informed consent before taking part in the study.

Measurement of Body Fat Content, Glucose Metabolism, and Insulin Sensitivity {#sec2_2}
----------------------------------------------------------------------------

BMI was calculated as weight divided by squared height. Hip circumference was measured over the buttocks; waist circumference was measured at the midpoint between the lower ribs and iliac crest. Percentage body fat was measured by dual X-ray absorptiometry (DEXA). In cohort 2, abdominal visceral and SC fat areas were calculated using computed tomography (CT) scans at the level of L4-L5 in the cohort of paired visceral and SC adipose tissue donors. Three days before the OGTT, patients documented a high-carbohydrate diet in diet protocols. The OGTT was performed after an overnight fast with 75 g standardized glucose solution (Glucodex Solution 75 g; Merieux, Montreal, QC, Canada). Venous blood samples were taken at 0, 60, and 120 min for measurements of plasma glucose concentrations. Insulin sensitivity was assessed using the HOMA-IR index or with the euglycemic-hyperinsulinemic clamp method as described previously \[[@B18]\].

Analyses of Blood Samples {#sec2_3}
-------------------------

All baseline blood samples were collected between 8:00 and 10:00 a.m. after an overnight fast. Plasma insulin was measured with an enzyme immunometric assay for the IMMULITE automated analyzer (Diagnostic Products Corporation, Los Angeles, CA, USA). Serum high-sensitivity C-reactive protein (hsCrP) was measured as previously described \[[@B19]\]. Serum apelin-12 concentrations were measured with a commercial kit (Phoenix Pharmaceuticals, Burlingame, CA, USA) as per the manufacturer\'s protocol. The sensitivity of the assay was 0.2 ng/ml. Prior to apelin measurements in human cohorts, we assessed the degree of precision of the ELISA system. The coefficient of variance of intra-assay was 5.3%, and that of inter-assays was between 3.5 and 7.8% The ELISA has 100% cross-reactivity with human apelin-12, apelin-13, and apelin-36.

Apelin and APJ mRNA Expression Studies {#sec2_4}
--------------------------------------

Human apelin and APJ mRNA expression was measured by quantitative real-time RT-PCR in a fluorescent temperature cycler using the TaqMan assay, and fluorescence was detected on an ABI PRISM 7000 sequence detector (Applied Biosystems, Darmstadt, Germany). Total RNA was isolated using TRIzol (Life Technologies, Grand Island, NY, USA), and 1 µg RNA was reverse transcribed with standard reagents (Life Technologies). From each RT-PCR, 2 µl were amplified and in a 26-µl PCR using the Brilliant SYBR green QPCR Core reagent kit from Stratagene (La Jolla, CA, USA) according to the manufacturer\'s instructions. Samples were incubated in the ABI PRISM 7000 sequence detector for an initial denaturation at 95 °C for 10 min, followed by 40 PCR cycles, each cycle consisting of 95 °C for 15 s, 60 °C for 1 min, and 72 °C for 1 min. Human apelin and APJ mRNA expression was calculated relative to the mRNA expression of 18s rRNA, determined by a premixed assays on demand for apelin and APJ and 18s rRNA (Applied Biosystems). Amplification of specific transcripts was confirmed by melting curve profiles (cooling the sample to 68 °C and heating slowly to 95 °C with measurement of fluorescence) at the end of each PCR. The specificity of the PCR was further verified by subjecting the amplification products to agarose gel electrophoresis.

Statistical Analyses {#sec2_5}
--------------------

Data are shown as means ± SD unless stated otherwise. Before statistical analysis, non-normally distributed parameters were logarithmically transformed to approximate a normal distribution. The following statistical tests were used: paired Student\'s test, chi square test, and Pearson\'s simple correlation. Linear relationships were assessed by least square regression analysis. Statistical analysis was performed using SPSS version 12.0 (Chicago, IL, USA). P values ℋ 0, 05 were considered to be statistically significant.

Results {#sec1_3}
=======

Apelin Serum Concentration in Obesity and T2D {#sec2_6}
---------------------------------------------

Anthropometric and metabolic characteristics of 468 individuals included in the cross-sectional study (cohort 1) have been previously described \[[@B14]\]. Circulating apelin was not different between males and females with NGT and T2D (fig. [1A](#F1){ref-type="fig"}). Apelin serum concentration was approximately 60% higher in individuals with T2D as compared to those with NGT (fig. [1A](#F1){ref-type="fig"}) (p ℋ 0.05). In age-, gender- and BMI-matched subgroups of NGT and T2D, we confirmed significantly higher apelin serum concentrations in T2D versus NGT. In addition, we found significantly higher apelin serum concentrations in obese patients with NGT as compared to both lean and overweight individuals (fig. [1B](#F1){ref-type="fig"}). In patients with T2D (n = 290), serum apelin concentration correlates with BMI (r = 0.35, p ℋ 0.01). In 740 patients (representing the baseline apelin serum concentrations in cohorts 1--5) with a wide range of age, BMI, glucose tolerance and insulin sensitivity, we found significant relationships between circulating apelin and parameters of (abdominal) obesity, glucose and lipid metabolism, insulin sensitivity, and adipose tissue biology (table [2](#T2){ref-type="table"}). Univariate regression analyses revealed significant correlations between apelin serum concentration and BMI, % body fat, fasting plasma glucose, HbA1c, fasting plasma insulin (FPI), insulin sensitivity as determined by the glucose infusion rate (GIR) during the steady state of an euglycemic-hyperinsulinemic clamp, triglycerides, hsCrP as well as adipocyte size and number of macrophages in visceral adipose tissue (table [2](#T2){ref-type="table"}). Correlations between circulating apelin and HbA1c, fasting plasma insulin, GIR, and hsCrP remained significant even after adjusting for BMI (table [2](#T2){ref-type="table"}).

Apelin and APJ mRNA Expression in Omental and SC Adipose Tissue {#sec2_7}
---------------------------------------------------------------

We investigated apelin and APJ mRNA expression in visceral and SC adipose tissue in parallel with apelin serum concentrations in 161 previously described individuals \[[@B14]\], which have been classified into lean, predominantly subcutaneously obese or predominantly viscerally obese on the basis of abdominal visceral and SC fat area measurements using CT or MRI scans at the level of L4-L5 (cohort 2). In NGT individuals, apelin expression was not different between the omental and the SC fat depot, whereas in patients with T2D, apelin mRNA expression was significantly higher in omental compared to SC fat (fig. [2a](#F2){ref-type="fig"}). Moreover, apelin expression of both fat depots was about 2-fold higher in the T2D compared to the NGT group (fig. [2a](#F2){ref-type="fig"}). In age-, gender- and BMI-matched subgroups of NGT (n = 16) and T2D (n = 16), we confirmed significantly higher apelin mRNA expression in both fat depots in T2D (omental 21.6 ± 1.4; SC 18.2 ± 1.5 AU/18SrRNA) compared to NGT (omental 8.7 ± 0.8; SC 8.1 ± 0.35 AU/18SrRNA). Lean individuals showed significantly lower apelin expression in visceral and SC adipose tissue compared to both subcutaneously and viscerally obese patients (fig. [2b](#F2){ref-type="fig"}). In addition, apelin expression (omental and SC) was significantly higher in viscerally compared to subcutaneously obese individuals. We found significant correlations of omental and SC apelin mRNA expression with apelin serum concentration and parameters of obesity, glycemic control, insulin sensitivity, inflammation, and adipose tissue biology (table [2](#T2){ref-type="table"}). The correlations between omental apelin mRNA expression and serum apelin, number of macrophages in adipose tissue, hsCrP, GIR, HbA1c, % body fat as well as FPI remained significant after adjusting for BMI (table [2](#T2){ref-type="table"}). SC apelin mRNA expression only correlates with serum apelin, FPI, and hsCrP independently of BMI (table [2](#T2){ref-type="table"}). In contrast to apelin, APJ mRNA expression was not significantly different between omental and SC adipose tissue both in NGT and T2D individuals (fig. [2c](#F2){ref-type="fig"}). There was a tendency for lower APJ mRNA expression in omental, but not SC adipose tissue in obese compared to lean individuals (fig. [2d](#F2){ref-type="fig"}).

Changes in Apelin Serum Concentrations in Response to Different Weight Loss Interventions {#sec2_8}
-----------------------------------------------------------------------------------------

Serum apelin concentrations are significantly reduced after a 6-month hypocaloric diet intervention (cohort 4) (fig. [3a](#F3){ref-type="fig"}). Multivariate linear regression analyses identified changes in BMI, insulin sensitivity and circulating hsCrP as significant predictors of changes in circulating apelin. Interestingly, only improved GIR are independently of changes in body weight associated with changes in apelin levels (table [3](#T3){ref-type="table"}).

We further sought to dissect the effects of weight loss versus improved chronic glycemia and insulin sensitivity on apelin serum concentrations in the context of a 12-week exercise intervention (cohort 3). 60 Caucasian men and women completed a 12-week training program and were studied after being divided into subjects with NGT (n = 20), IGT (n = 20) as well as glucose tolerance or T2D (n = 20) as previously described \[[@B12]\]. Apelin serum concentration was significantly higher in individuals with IGT and T2D compared to those with NGT (fig. [3b](#F3){ref-type="fig"}). The training effect was confirmed by a significant improvement in VO~2~ max in all groups. 12 weeks of physical training resulted in significantly improved insulin sensitivity, HbA1c, and circulating hsCrP in the IGT and T2D groups despite the fact that BMI was not significantly changed. Apelin serum concentrations significantly decreased by approximately 20% in IGT and T2D subjects and by approximately 10% in the NGT group after 12 weeks of the training program (fig. [3b](#F3){ref-type="fig"}). In accordance with the diet intervention data, multivariate linear regression analyses demonstrate that changes in GIR are independently of the BMI dynamic related to changes in apelin serum concentrations (table [3](#T3){ref-type="table"}). In a third intervention study (cohort 5), we aimed to analyze changes in both apelin serum concentration and adipose tissue mRNA expression before and 12 months after obesity surgery. In response to bariatric surgery, we found significantly improved insulin sensitivity as measured by euglycemic-hyperinsulinemic clamps (GIR baseline 41 ± 10.6 µmol/kg/min; 12 months after surgery 78 ± 17.2 µmol/kg/min; p ℋ 0.01). Patients with morbid obesity have significantly higher apelin serum concentrations than all other investigated subgroups (fig. [3c](#F3){ref-type="fig"}). We found about 40% lower apelin serum concentrations 12 months after significant weight loss induced by bariatric surgery (fig. [3c](#F3){ref-type="fig"}). In parallel, we found in a subgroup of patients (n = 14) undergoing a two-step bariatric surgery strategy significantly reduced omental and SC apelin mRNA expression (fig. [3d](#F3){ref-type="fig"}). Multivariate regression analyses of changes in BMI, GIR, and hsCrP as predictors for changes in apelin serum concentrations demonstrate that changes in GIR and hsCrP are significantly associated with changes in apelin beyond the effects of body weight changes (table [2](#T2){ref-type="table"}).

Discussion {#sec1_4}
==========

Changes in apelin serum concentrations after weight loss have been repeatedly reported \[[@B20],[@B21],[@B22],[@B23]\]. However, some studies only found significantly reduced circulating apelin in subgroups of morbidly obese patients with impaired glucose metabolism in response to dramatic weight loss after bariatric surgery \[[@B22]\] or in moderately obese women, but not in patients with metabolic syndrome \[[@B20],[@B21]\] or in obese children \[[@B23]\]. Moreover, circulating apelin levels do not necessarily correlate with body weight or fat mass \[[@B22],[@B23],[@B24]\]. On the other hand, apelin serum concentrations are significantly related to parameters of inflammation \[[@B21]\], glucose metabolism \[[@B22],[@B26]\], and insulin sensitivity \[[@B20],[@B27],[@B28]\]. Noteworthy, a variant in the *apelin* gene has been associated with plasma glucose concentrations in a large Chinese cohort \[[@B29]\].

We therefore sought to determine whether changes in apelin serum concentrations are primarily due to reduced body weight or reflect improved insulin sensitivity.

We confirmed previous findings that higher apelin serum concentrations in humans are associated with higher BMI as well as traits of the metabolic syndrome including high plasma glucose, triglycerides, and insulin resistance \[[@B6]\]. To address the controversy whether elevated circulating apelin levels are primarily due to obesity, insulin resistance, hyperglycemia or inflammatory response, we measured the dynamic of apelin serum concentrations in three independent intervention studies. In all studies, we found significant BMI-independent correlations between reduced apelin levels and improved insulin sensitivity. There are at least two potential explanations for the association between circulating apelin and insulin sensitivity. First, reduced apelin serum concentrations may directly contribute to improved insulin sensitivity. Another conclusion could be that circulating apelin increases as a compensatory mechanism to improve insulin sensitivity which in turn may lead to decreased apelin levels. The latter hypothesis is supported by studies in apelin-deficient mice, in which supplementation of apelin causes significantly improved insulin sensitivity \[[@B8]\]. Apelin effects on insulin sensitivity may be direct via improved glucose uptake and intracellular insulin signaling \[[@B8]\] or indirect through improvements of energy metabolism including increased mitochondrial biogenesis and tighter matching between fatty acid oxidation and the tricarboxylic acid cycle \[[@B13]\].

In addition, in a bariatric surgery study reduction in apelin levels were BMI-independently associated with decreased hsCrP serum concentrations, suggesting that both insulin resistance and chronic inflammation may contribute to elevated apelin serum concentrations in patients with morbid obesity. Rubino et al. \[[@B30]\] have demonstrated that bypassing a short segment of the proximal intestine directly ameliorates T2D, independently of effects on food intake, body weight, or malabsorption in a rat model of diabetes. In our bariatric surgery intervention (cohort 5), we cannot exclude that changes in circulating apelin and insulin sensitivity occur independently of BMI, because we did not include post-surgery time points, where individuals did not yet significantly lose weight.

Two studies, a 6-month hypocaloric diet study and a bariatric surgery follow-up study, were designed to test the effects on circulating apelin achieved by significant weight loss. We show here that even moderate weight loss 6 months after a calorie-restricted diet significantly decreases apelin serum concentrations. The decrease in apelin levels can be explained by significantly improved insulin sensitivity. Interestingly, this association was independent of BMI changes, suggesting that changes in insulin sensitivity rather than fat mass reduction represent the mechanistic link between weight loss and lower apelin serum concentrations. Our data from the bariatric surgery study confirm previous findings that circulating apelin is significantly elevated in morbidly obese patients (reviewed in \[[@B2]\]) and can be significantly reduced by drastic reduction of BMI \[[@B22]\]. However, multivariate linear regression analyses demonstrated that, independently of these BMI changes, improved insulin sensitivity significantly predict changes in circulating apelin.

The third intervention, a 12-week exercise program, provided the opportunity to directly assess the effects of improved insulin sensitivity and reduced circulating inflammatory markers such as hsCrP in the absence of significant changes in BMI. We show here that improved GIR in euglycemic-hyperinsulinemic clamps, but not changes in hsCrP, correlate with reduced apelin levels despite the fact that BMI did not significantly change during the program. It has been recently shown that apelin inhibits insulin secretion and may therefore contribute to impaired glucose metabolism \[[@B11],[@B31]\]. Since we did not assess insulin secretion directly, we cannot exclude that the relationship between apelin and insulin sensitivity is influenced by apelin effects on insulin secretion.

In accordance with recent reports, we found significantly higher apelin serum concentrations in patients with T2D (reviewed in \[[@B2]\]). In age-, gender- and BMI-matched subgroups of NGT and T2D, we demonstrate that these differences were independent of BMI. We extend previous findings by showing that elevated apelin serum concentrations may be due to significantly increased omental and SC adipose tissue apelin mRNA expression. Increased apelin expression in patients with T2D was more pronounced in the omental compared to the abdominal SC fat depot, suggesting a fat depot-specific regulation of apelin expression. We found significantly higher apelin expression in omental compared to SC fat depots in T2D patients, whereas no apelin expression differences were observed in the NGT group. In a recent analysis of apelin and APJ mRNA expression both in skeletal muscle and abdominal SC adipose tissue from 28 individuals, there was only a trend for increased apelin expression in adipose tissue of T2D patients compared to healthy controls \[[@B26]\]. Noteworthy, we did not find any significant differences in the mRNA expression of the apelin receptor APJ between different fat depots, between individuals with NGT and T2D, or between lean and obese adipose tissue donors, suggesting that changes in adipose tissue function are primarily associated with changes in apelin and not APJ expression. In accordance with our data, Dray et al. \[[@B26]\] found no differences in APJ mRNA expression in adipose tissue of healthy control subjects and patients with T2D under basal conditions. Interestingly, the authors demonstrated that insulin stimulates APJ expression in skeletal muscle and adipose tissue of individuals with normal glucose metabolism, whereas in patients with T2D this effect was only found in skeletal muscle \[[@B26]\]. These data suggest that there are differences in the regulation of the apelin system between different insulin-sensitive tissues and that basal state expression of apelin and APJ may not necessarily represent the abnormalities of this system as a cause or response to impaired insulin sensitivity.

Our adipose tissue apelin expression studies further revealed significant BMI-independent associations between the omental apelin mRNA expression and serum apelin, number of macrophages in adipose tissue, hsCrP, GIR, HbA1c, % body fat as well as FPI all of which remained significant after adjusting for BMI. SC apelin mRNA expression only correlates with serum apelin, FPI and hsCrP independently of BMI. In contrast to apelin, APJ mRNA expression was not significantly different in omental and SC adipose tissue. The correlation between omental apelin expression and macrophage infiltration suggests that immune cells may be a significant source of apelin production in adipose tissue and that circulating apelin may reflect adipose tissue inflammation and dysfunction \[[@B32]\]. A potential link between adipose tissue inflammation and elevated apelin secretion is further supported by the finding that TNF-α correlates with circulating apelin \[[@B21]\].

However, it is difficult to establish a causality chain whether adipose tissue inflammation cause increased apelin serum concentrations or whether increased apelin expression contributes to adipose tissue inflammation with subsequent insulin resistance and chronic inflammation. We further show that significantly increased apelin mRNA expression and circulating apelin in patients with morbid obesity can be significantly reduced by significant weight loss in response to obesity surgery. These data further suggest that adipose tissue apelin production significantly contributes to circulating apelin concentrations. This notion is supported by significant correlations between adipose tissue apelin mRNA expression and apelin serum concentrations.

In conclusion, we show here that impaired insulin sensitivity is a BMI-independent predictor of elevated apelin serum concentrations in obesity and obesity-associated insulin resistance. Increased apelin serum concentrations may reflect an intrinsic mechanism to compensate for insulin resistance, and lower apelin serum concentrations in healthy lean individuals may be a consequence rather than a cause of insulin sensitivity. Our data further suggest a role of apelin as potential marker of adipose tissue inflammation and support the notion that that reduced adipose tissue apelin expression may contribute to improved insulin sensitivity and subclinical inflammation beyond significant weight loss.
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![Apelin serum concentration in NGT individuals and patients with T2D. **A** Circulating apelin in males (n = 93) and females (n = 85) with NGT and in males (n = 127) and females (n = 163) with T2D. **B** Apelin serum concentrations in lean (BMI ℋ 25 kg/m²; n = 42), overweight (BMI \>259 y29.9 kg/m²; n = 58) and obese (BMI \> 30 kg/m²; n = 78) NGT subjects. ★p ℋ 0.05 adjusted for BMI compared to NGT within genders. ^\#^p ℋ 0.05 compared to BMI ℋ 24.9 kg/m²; ^§^p ℋ 0.05 compared to BMI 25--29.9 kg/m².](ofa-0006-0057-g01){#F1}

![Apelin and APJ mRNA expression in human omental (OM) and subcutaneous (SC) adipose tissue. **a** Apelin mRNA expression in the two different fat depots in NGT individuals (n = 116) and patients with T2D (n = 45). ★p ℋ 0.05 adjusted for BMI compared to the NGT group; ^\#^p ℋ 0.05 for the difference between OM and SC. **b** OM and SC apelin mRNA expression in lean, visceral obese and SC obese individuals. Abdominal visceral and SC fat areas were calculated using CT or MRI scans at the level of L4-L5 in the cohort of paired visceral and SC adipose tissue donors. SC obesity was defined as ratio of visceral to SC fat area ℋ 0.4. Visceral obesity was defined as ratio of visceral to SC fat area \> 0.4. **c** APJ mRNA expression in the two different fat depots in NGT individuals (n = 116) and patients with T2D (n = 45). **d** OM and SC APJ mRNA expression in lean, visceral obese and SC obese individuals. Data are means ± SEM. ★p ℋ 0.05 compared to the lean group.](ofa-0006-0057-g02){#F2}

![Changes of apelin serum concentration in response to different weight loss interventions. **a** Effect of 6 months calorie-restricted diet, **b** effect of a 12 weeks exercise intervention, **c** effect of bariatric surgery on apelin serum concentration, and **d** apelin mRNA expression in omental adipose tissue. Data are means ± SEM. ★p ℋ 0.05 adjusted for BMI compared to baseline.](ofa-0006-0057-g03){#F3}

###### 

Effects of a standardized 12-week training intervention on anthropometric, metabolic, and hormonal parameters at baseline and after 12 weeks of intensive physical training in subjects with NGT, IGT, and T2D (Cohort 3)

                      NGT (n = 20)   IGT (n = 20)                                  T2D (n = 20)                                                                                                                                
  ------------------- -------------- --------------------------------------------- ---------------------------------------------- --------------------------------------------- ---------------------------------------------- --------------------------------------------
  Male/female         9/11                                                         9/11                                                                                         11/9                                           
  Age, years          32.8 ± 2.5                                                   56.0 ± 3.6[^a^](#T1F2){ref-type="table-fn"}                                                  53.1 ± 1.5[^a^](#T1F2){ref-type="table-fn"}    
  BMI, kg/m^2^        24.3 ± 0.3     23.8 ± 0.5                                    29.8 ± 0.9[^a^](#T1F2){ref-type="table-fn"}    28.9 ± 1.1                                    31.4 ± 0.7[^a^](#T1F2){ref-type="table-fn"}    30.5 ± 1.0
  Fat mass, %         24.5 ± 0.7     22.8 ± 0.5                                    34.9 ± 1.9[^a^](#T1F2){ref-type="table-fn"}    32.6 ± 1.7[\*](#T1F2){ref-type="table-fn"}    38.2 ± 1.8[^a^](#T1F2){ref-type="table-fn"}    35.8 ± 0.9[\*](#T1F2){ref-type="table-fn"}
  FPG, mmol/l         5.1 ± 0.1      5.2 ± 0.2                                     5.6 ± 0.1                                      5.3 ± 0.2                                     6.2 ± 0.13[^a^](#T1F2){ref-type="table-fn"}    5.9 ± 0.2
  FPI, mmol/l         66 ± 8         52 ± 12                                       695 ± 110[^a^](#T1F2){ref-type="table-fn"}     317 ± 59[\*](#T1F2){ref-type="table-fn"}      319 ± 50[^a^](#T1F2){ref-type="table-fn"}      218±59[\*](#T1F2){ref-type="table-fn"}
  2h OGTT             6.3 ± 0.5      --                                            9.5 ± 1.2[^a^](#T1F2){ref-type="table-fn"}     --                                            13.4 ± 2.3[^a^](#T1F2){ref-type="table-fn"}    --
  WBGU, nmol/kg/min   76 ± 4         89 ± 9[\*](#T1F2){ref-type="table-fn"}        19 ± 2 [^a^](#T1F2){ref-type="table-fn"}       41 ± 8[\*](#T1F2){ref-type="table-fn"}        21 ± 2 [^a^](#T1F2){ref-type="table-fn"}       37 ± 6[\*](#T1F2){ref-type="table-fn"}
  FFA (mmol/l)        0.41 ± 0.04    0.35 ± 0.04[\*](#T1F2){ref-type="table-fn"}   0.53 ± 0.06[^a^](#T1F2){ref-type="table-fn"}   0.45 ± 0.03[\*](#T1F2){ref-type="table-fn"}   0.56 ± 0.06[^a^](#T1F2){ref-type="table-fn"}   0.49 ± 0.05

FPG = Fasting plasma glucose; FPI = fasting plasma insulin, 2h OGTT, 2-hour plasma glucose of an oral glucose tolerance test; FFA = free fatty acids. Data are expressed as mean ± SEM.

p \<0.05, \*\*p \<0.01 compared to baseline.

p \<0.05 compared to NGT group.

###### 

Univariate correlations (Spearman) between apelin serum concentration and apelin mRNA expression in omental and subcutaneous adipose tissue and measures of obesity, insulin sensitivity, and parameters of inflammation.

  -----------------------------------------------------------------------------------------------------------------------------------------------------------
                           Serum apelin (baseline)\   Omental apelin mRNA\   Subcutaneous apelin mRNA\                                     
                           Cohorts 1--5 (n = 740)     Cohort 2 (n = 161)     Cohort 2 (n = 161)                                            
  ------------------------ -------------------------- ---------------------- --------------------------- ------------------ -------------- ------------------
  Serum apelin             --                         --                     0.42 (0.31)                 \<0.001(\<0.001)   0.26 (0.19)    \<0.01 (0.03)

  Age                      0.04                       ns                     0.02                        ns                 0.03           ns

  Gender                   0.04                       ns                     0.02                        ns                 0.03           ns

  BMI                      0.35 (--)                  \<0.01 (--)            0.41 (--)                   \<0.001 (--)       0.35 (--)      \<0.001 (--)

  \% Body fat              0.31 (0.05)                \<0.01 (ns)            0.43 (0.15)                 \<0.001 (0.04)     0.4 (0.1)      \<0.001 (ns)

  Fasting plasma glucose   0.19 (0.07)                0.04 (ns)              0.05 (0.01)                 ns (ns)            0.06 (0.02)    ns (ns)

  HbAlc                    0.41 (0.21)                \<0.001 (0.01)         0.39 (0.17)                 \<0.001 (0.03ns)   0.31 (0.11)    \<0.01 (ns)

  Fasting plasma insulin   0.56 (0.18)                \<0.001 (0.03)         0.61 (0.22)                 \<0.001 (\<0.01)   0.55 (0.18)    \<0.001 (\<0.05)

  GIR                      −0.58 (0.21)               \<0.001 (0.02)         −0.52 (0.19)                \<0.001 (\<0.05)   −0.39 (0.11)   \<0.001 (ns)

  Triglycerides            0.41 (0.11)                \<0.001 (ns)           0.38 (0.1)                  \<0.01 (ns)        0.26 (0.1)     \<0.01 (ns)

  hsCrP                    0.29 (0.21)                \<0.001 (\<0.05)       0.39 (0.24)                 \<0.001 (\<0.01)   0.29 (0.18)    \<0.01 (\<0.05)

  Mean adipozyte size      0.28 (0.09)                \<0.001 (ns)           0.33 (0.1)                  \<0.01 (ns)        0.27 (0.15)    \<0.01 (ns)

  \% Macrophages in        0.19 (0.080)               0.03 (ns)              0.37 (0.21)                 \<0.01 (\<0.01)    0.1 (0.04)     ns (ns)

   adipose tissue                                                                                                                          
  -----------------------------------------------------------------------------------------------------------------------------------------------------------

GIR = Glucose infusion rate during the steady state of an euglycemic-hyperinsulinemic clamp; r = Spearman\'s correlation coefficient; ns = not significant.

Values in brackets are BMI-adjusted.

###### 

Multivariate linear regression analysis of changes in different parameters as predictors of reduced apelin serum concentration in response to three different interventions (12 weeks exercise program, 6 months hypocaloric diet, 12 months after bariatric surgery)

             Δ apelin serum concentration, β-coefficient (p-value)                      
  ---------- ------------------------------------------------------- ------------------ ------------------
  Model 1                                                                               
   Age       0.03 (0.91)                                             0.02 (0.95)        0.04 (0.83)
   Gender    0.04 (0.88)                                             0.04 (0.89)        0.04 (0.8)
   Δ BMI     0.07 (0.75)                                             *0.29 (\<0.01)*    *0.45 (\<0.001)*
  Model 2                                                                               
   Age       0.04 (0.81)                                             0.03 (0.91)        0.03 (0.91)
   Gender    0.03 (0.9)                                              0.04 (0.88)        0.04 (0.88)
   Δ BMI     0.05 (0.84)                                             0.11 (0.2)         *0.22 (\<0.01)*
   Δ GIR     *−0.25 (\<0.01)*                                        *−0.22 (\<0.01)*   *−0.29 (\<0.01)*
  Model 3                                                                               
   Age       0.04 (0.83)                                             0.05 (0.86)        0.04 (0.88)
   Gender    0.04 (0.86)                                             0.03 (0.91)        0.03 (0.9)
   Δ BMI     0.1 (0.31)                                              *0.21 (\<0.05)*    *0.28 (\<0.01)*
   Δ hsCrP   0.14 (0.08)                                             0.11 (0.1)         *0.21 (\<0.01)*

Changes of determinants of altered apelin serum concentrations were tested in three multivariate linear regression models. Changes in circulating apelin were adjusted for age and gender in each model. Changes in BMI explained 29% (hypocaloric diet, p \<0.01) or 45% (bariatric surgery, p \<0.001) of the variation in circulating apelin (Model 1). In addition, we aimed to identify BMI-independent predictors of changes in circulating apelin by further adjusting Δ apelin for Δ BMI (Models 2 and 3). Model 2 revealed that changes in GIR significantly explained 25% (exercise, p \<0.01), 22% (hypocaloric diet, p \<0.01) or 29% (bariatric surgery, p \<0.01) of the variation in circulating apelin (Model 2). Changes in circulating hsCrP explain 21% of Δ apelin only in the bariatric surgery intervention in addition to significant changes in BMI (Model 3). Significant correlations are shown in italics. GIR = Glucose infusion rate during the steady state of an euglycemic-hyperinsulinemic clamp.
